INTRODUCTION
============

Our daily routine basic activities are mostly dependent on the use of some kind of surfactants or emulsifiers including toothpaste, personal hygiene, cosmetic products, and other pharmaceutical by-products, most of which contains surfactants and emulsifier as one of their ingredients. The market for such products is therefore huge and demands are ever increasing. However, due to the non-biodegradability, ability to accumulate and toxicity of some of the chemical petroleum based product to the environment, there has been a general desire to find replacement surfactants to the chemically synthesized compounds with biological products ([@B118],[@B119]; [@B60],[@B61]). Such biological biosurfactant/bioemulsifiers (BS/BEs) are mainly of microbial origin and are generally more environmental friendly benign products.

Biosurfactants and bioemulsifiers amphiphilic surface active abilities which are due to the presence of hydrophobic and hydrophilic moieties within their molecules which allows them to aggregate at interfaces (between immiscible liquids, for example water and oil). BS/BE reduce surface and interfacial tension (IFT) in liquids or different phases of matter, like gas, liquid, and solid. Such properties play an important role in various fields like bioremediation, biodegradation, oil recovery, food, pharmaceutics, and many other applications in different industrial sectors ([@B15]; [@B7]; [@B37]; [@B38]). The structural and functional novelty of such surface active molecules is attracting the attention of many researchers throughout the world. Their synthesis processes take place on water soluble and insoluble substrates by *de novo* pathway and/or assembly from other substrates ([@B120]).

The use of cheaper, renewable substrates from various industries such as agricultural (sugars, molasses, plant oils, oil wastes, starchy substances, lactic whey), distillery wastes, animal fat, oil industries have been reported and reviewed thoroughly by several researchers ([@B58]). Various cheaper substrates such as soybean oil not only act as nutrients for the microbial growth but also act as an important source for isolation of potential BS producing microorganisms ([@B41]; [@B52]). Rhamnolipids (RHL), one of the common BSs are usually produced on soybean oil soapstock, spent soybean oil, or chicken fat as a carbon source ([@B72], [@B73], [@B73]). Improvement in the fermentation technology, strain selection and use of cheaper, renewable substrates have a vital role in enhancing the production processes of BS industries ([@B61]; [@B62]). However, large scale production for most microbial surface active agents has not reached a satisfactory economical level due to their low yields. In addition to this, high cost input is required for downstream processing to recover and purify microbial surfactants ([@B102],[@B103]; [@B127],[@B128]). Such obstacles may be overcome by isolating potential BS/BE producers that can use the renewable substrates to raise the quality as well as quantity of BS. We can make use of waste material as better substrates for BS/BE production. Several alternative strategies for production at commercial scale have been reviewed by [@B43].

This review aims to provide comprehensive information on various economical, renewable substrates that are used for production of BS and how these substrates have can support BS fermentation technology. We also give a brief glance on the kinetics of BS production and fermentation technology that has been improved since last two decades.

NEED FOR CHEAPER, RENEWABLE SUBSTRATES IN BIOSURFACTANT INDUSTRY
================================================================

Most biotechnological products processes need high monetary inputs and securing an optimum yield of product at the lowest expense through usage of low cost material ([@B17]). However, very low quantities of surface active agents are usually produced by microorganisms and the downstream processing of biotechnological products costs \~60--80% of the total production expenditure. This is why most of the marketable products based on BS and BE are quite expensive. Therefore, it essential to reduce the production costs of BS/BE through the use of inexpensive and renewable substrates ([@B26]; [@B8]; [@B58]). A diversity of carbon (water soluble and water insoluble) and nitrogen sources have been used for BS production which may consequently vary in structure or production site within the cell (intra or extra cellular, cell associated) depending upon the substrate composition particularly the carbon source ([@B41]; [@B34]). In addition to usual water soluble carbon sources, a variety of unusual carbon sources such as ethanol, blended gasoline, hydrocarbons like heptadecane, hexadecane etc. have been used ([@B125]; [@B89]; [@B92]; [@B20]).

Increased public awareness of issues related to environmental pollution strongly influences the development of technologies that facilitates cleaning hazardous contaminants. This has given imputes for finding suitable cheap BS products that can be used in the treatment of such contaminations. [@B47] introduced an alternative approach using solid state fermentation to obtain a more economical viable production process worth implementing on a commercial scale. Some of the suggested strategies included the use of more cheaper materials, optimization of environmental conditions and screening for overproducing strain to attain the maximize productivity ([@B121]). The efforts taken toward this direction are significant to claim BSs as the molecules of the future. It is important to note that the results obtained to date show encouraging potentials to drive a beginning for the BS production industry.

USE OF COST EFFECTIVE RENEWABLE SUBSTRATES FOR BIOSURFACTANT PRODUCTION
=======================================================================

Different relatively cheap and abundant substrates are currently available for use as carbon sources from various industrial sectors (**Table [1](#T1){ref-type="table"}**). Many of these substrates have been reported as suitable substrates for growth and production of a wide range of microbial amphiphilic molecules (see **Tables [Tables 2](#T2){ref-type="table"}** and **[3](#T3){ref-type="table"}**). These substrates are described in detail as follows.

###### 

Summary of various cheaper/renewable substrates available from different industrial sectors.

  Source industry                         Waste/residues as *cheaper, renewable substrate*
  --------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------
  Agro-industrial waste, crops residues   *Bran, beet molasses, Bagasse of* sugarcane straw of wheat, cassava, cassava flour wastewater, rice straw of rice, hull of soy, corn, sugar cane molasses
  Animal fat                              Waste
  Coffee processing residues              Coffee pulp, coffee husks, spent of free groundnut
  Crops                                   Cassava, potato, sweet potato, soybean, sweet sugar beet, sorghum
  Dairy industry                          Curd whey, cheese whey, whey waste
  Distillery industry                     Industrial effluents
  Food processing industry                Frying edible oils and fats, olive oil, potato peels rape seed oil, sunflower, vegetable oils
  Fruit processing industry               Banana waste Pomace of apple and grape, carrot industrial waste, pine apple
  Oil processing mills                    Coconut cake, canola meal, olive oil mill waste water, palm oil mill, peanut cake, eﬄuent, soybean cake, soapstock, waste from lubricating oil

###### 

Summary of various renewable substrates used for production of microbial amphiphilic molecules by *Acinetobacter*, *Bacillus,* and *Candida* sp.

  Organism                                      Renewable substrate          Biosurfactant/bioemulsifier type                 Reference           
  --------------------------------------------- ---------------------------- ------------------------------------------------ ------------------- --
  *Acinetobacter*                               Renewable resources          Surface active polymers                          [@B106]             
  *Acinetobacter calcoaceticus*                 Soap stock oil (SSO)         Expolysaccharide                                 [@B122]             
  *Bacillus subtilis*                           Molasses                     Surfactin                                        [@B55]              
  *B. subtilis* ATCC 21332; *B. subtilis* LB5   Cassava flour wastewater     Lipopeptide                                      [@B75], [@B76])     
  *B. subtilis*                                 Potato cassava               Surfactin                                        [@B78]              
  *B. subtilis*                                 Potato cassava               Surfactin                                        [@B77]              
  *B. subtilis*                                 Potato waste                 Surfactin                                        [@B138]             
  *B. subtilis*                                 Potato waste                 Surfactin                                        [@B139]             
  *Bacillus* sp.                                Lubricating oil              Lipopeptide                                      [@B65]              
  *Bacillus subtilis* ATCC 21332                Potato waste                 Surfactin                                        [@B36]              
  *B. subtilis*                                 Peat hydrolysate             Surfactin                                        [@B123]             
  *B. subtilis* NB22                            Solid state fermentation     Peptide antibiotic iturin                        [@B80]              
  *B. subtilis* (recombinant)                   Solid state fermentation     Lipopeptide antibiotic surfactin                 [@B81]              
  *B. subtilis* NB22 (recombinant)              Wheat bran                   Lipopetide-surfactin                             [@B79]              
  *Candida antarctica*, *C. apicola*            Oil refinery waste           Glycolipids                                      [@B27]              
  *C. bombicola*                                Animal fat                   Sophorolipid                                     [@B27]              
  *C. bombicola* ATCC 22214                     Turkish corn oil and honey   Sophorolipids                                    [@B90]              
  *C. lipolytica* 1055 and 1120                 Babacu oil                   Bioemulsifier                                    [@B116]             
  *C. lipolytica* IA1055                        Babassu oil                  New biemulsifier: carbohydrate, lipid, protein   [@B141]             
  *C. bombicola*                                Soy molasses-based medium    Sophorolipids                                    [@B130], [@B131])   
  *C. bombicola* ATCC 22214                     Whey and rapeseed oil        Sophorolipid                                     [@B22],[@B23])      
  *C. bombicola*                                Canola oil                   Biosurfactant                                    [@B147]             
  *C. lipolytica*                               Industrial residue           Biosurfactant                                    [@B108]             
  *C. lipolytica*                               Canola oil                   Biosurfactant                                    [@B115]             
  *Candida* sp. SY16 95 45                      Soybean oil                  Mannosylerythritol lipid                         [@B49]              
  Yeast                                         Oil refinery waste           Glycolipids                                      [@B9]               

###### 

Summary of various renewable substrates used for production of microbial amphiphilic molecules by *Pseudomonas* and other strains.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Organism                               Renewable substrate                             Biosurfactant/bioemulsifier type                                                                                                          Reference
  -------------------------------------- ----------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------- -----------
  *Cladosporium resinae*                 Jet fuel JP8                                    Biosurfactant                                                                                                                             [@B70]

  *Corynebacterium kutscheri*            Waste motor lubricant oil and peanut oil cake   Biosurfactant                                                                                                                             [@B134]

  *Peudomonas cepacia*                   Sunflower oil                                   Bioemulsifier                                                                                                                             [@B33]

  *P. aeruginosa* LB1                    Oil wastes                                      Rhamnolipid                                                                                                                               [@B73]

  *P*. *aeruginosa*                      Whey                                            Rhamnolipid                                                                                                                               [@B50]

  *P. aeruginosa*                        Molasses                                        Rhamnolipid                                                                                                                               [@B97]

  *P. aeruginosa* AT10                   Soybean oil refinery wastes                     Rhamnolipid                                                                                                                               [@B1]

  *P. aeruginosa* GS9-119\               Sunflower and soybean oil                       Rhamnolipid                                                                                                                               [@B93]
  *P. aeruginosa* DS10-129                                                                                                                                                                                                         

  *P. aeruginosa* GS3                    Molasses                                        Rhamnolipid                                                                                                                               [@B88]

  *P. aeruginosa* strain BS2             Distillery and whey waste                       Rhamnolipid                                                                                                                               [@B29]

  *P. aeruginosa* strain BS2             Distillery and curd whey wastes                 Rhamnolipid                                                                                                                               [@B6]

  *P. aeruginosa* strain BS2             Curd whey and distillery waste                  Rhamnolipid                                                                                                                               [@B30]

  *P. aeruginosa* strain BS2             Fermented distillery wastewater                 Rhamnolipid                                                                                                                               [@B31]

  *P. aeruginosa* strain LBI             LB1 soapstock                                   Rhamnolipid                                                                                                                               [@B12]

  *P. aeruginosa* strain LBI             LB1 soapstock                                   Rhamnolipid                                                                                                                               [@B11]

  *Pseudomoas* sp. DSM 2874              Rapeseed oil                                    Mixture of four types of glycolipids (rhamnolipid 1--4), [L]{.smallcaps}-(+)-rhamnose and (R, R)-3-(3-hydroxydecanoyloxy) decanoic acid   [@B140]

  *Pseudomonas* sp.                      Jet fuel JP8, diesel oil                        Biosurfactant                                                                                                                             [@B13]

  *Pseudomonas* sp.                      Used olive, sunflower oil                       Rhamnolipid                                                                                                                               [@B42]

  *P. aeruginosa*                        Vegetable oil refinery wastes                   Biosurfactant                                                                                                                             [@B98]

  *P. aeruginosa* FR                     Palm oil                                        Biosurfactants                                                                                                                            [@B82]

  *Pseudomonas* sp. JAMM                 Olive oil mill eﬄuent (OOME)                    Rhamnolipids                                                                                                                              [@B64]

  *Rhodococcus* sp.                      Waste lubricating oil                           Trehalose glycolipids                                                                                                                     [@B65]

  *Trichosporon montevideense* CLOA 72   Dairy industry effluents                        Glycolipid                                                                                                                                [@B67]

  *Tsukamurella* sp. DSM 44370           Natural vegetable oil                           Glycolipid                                                                                                                                [@B142]
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

AGRO-INDUSTRIAL WASTE, CROPS RESIDUES
-------------------------------------

Products such as bran, straw of wheat, straw of rice, hull of soy, corn, rice, sugar cane molasses, beet molasses, bagasse of sugarcane, cassava flour and its wastewater are representative candidates of agro-industrial waste ([@B74]; [@B94]; [@B10]; [@B136]). Some waste material like rice water (by-product from domestic cooking and rice processing industry), corn steep liquor (corn processing industry) and cereals, pulses processed waste water are rich in starch content. Agro-industrial waste contains high amount of carbohydrates, lipids and hence, can be used as a rich carbon source for microbial growth. Among the agro-industrial waste products, molasses had attracted considerable attention by many researchers.

Molasses are concentrated syrups by-products of sugar cane and beet processing industries. This cheap substrate contains 75% dry matter, 9--12% non-sugar organic matter, 2.5% protein, 1.5--5.0% potassium and ≈1% calcium, magnesium, and phosphorus. Other components like biotin, pantothenic acid, inositol, and thiamine at 1--3% are also present giving it a thick, dark brown colored appearance. The high sugar content ranging approximately between 48 and 56% represents a good substrate for growth as well as production of microbial bioactive compounds for various microorganisms. When molasses are used as substrate, it needs to be clarified otherwise some of the components from molasses itself may impart unfavorable color to the desired products reducing their quality ([@B97],[@B98]). Molasses clarification process, however, can be quite costly as it involves dilution with water, acidification, pH adjustment to 7.0 using CaO powder and addition of K~4~Fe(CN)~6~ as a coagulant is carried out. During this process, heating up to 90°C for 1 h and cooling overnight at room temperature permits settlement of suspended solids and fibrous particles which can be removed by centrifugation ([@B97],[@B98]).

Achieving cost effective BS production depends on the development of cheaper processes and the provision of low cost substrate raw material. Most earlier research concentrated on *Pseudomonas* sp. and *Bacillus* species while using molasses, whey, CSL as carbon and energy sources ([@B55], [@B56]; [@B88]; [@B58]). However, there is a threat that the commercial products may get contaminated with those cheaper substrates products that are used as raw materials for production process. When the pure products are not available, there is difficulty to use them for intended application purposes. Various industrially important products like citric acid, xanthan gum, baker's yeast, acetone, alcohol, vitamins, amino acids, and organic acids are also produced successfully using molasses as a substrate.

India has an economy dependent on agro industries producing large volume of agro-industrial wastes which are mostly suitable for use as substrate. Some of the research laboratories are particularly involved in the use of molasses for production of various microbial metabolites. [@B55] reported BS production from two *Bacillus subtilis* cultures in minimal medium supplemented with molasses as carbon source. Optimum BS production with good emulsification activity (EA) was achieved in late stationary phase. [@B88] also worked on production of RHL BS from *Pseudomonas aeruginosa* GS3 by using molasses and corn steep liquor. Molasses of 7% (v/v) and corn steep liquor of 0.5% (v/v) were appropriate for optimum BS production. Cells produced BS in the stationary phase with a rhamnose sugar concentration of 0.24 g/L. [@B46] also used molasses and other carbon sources to produce BSs from several *Bacillus* strains under thermophilic conditions.

At international level several researchers have contributed in this area. [@B97] produced RHL BS from *P*. *aeruginosa* mutant strains using blackstrap molasses with or without supplementary nitrogen source and reported a yield of 1.45 g/L RHL after 96 h incubation. Another interesting work contributed by [@B10] suggests that the RHL produced from agro industrial wastes has an important role for hydrocarbon biodegradation in contaminated soil. Such studies have proved the importance of agro industrial wastes in bioremediation processes. [@B83] used sugar beet molasses for RHL BS production from *Pseudomonas* strains and showed that among 18 strains of *Pseudomonas*, *P*. *luteola* B17 and *P. putida* B12, gave high yield of RHL at 5% (w/v) molasses. Cultures isolated from oily sites also utilize sugar beet molasses effectively for BS production. [@B96], reported RHL BS producing *P. aeruginosa* isolated from Iranian oil wells. They used waste dates as sole carbon for the production of RHL using fed-batch culture and reported improved yields of BS. It is important to note that yield of the BS production increases with the increased concentration of molasses; maximum production, however, was reported using a medium containing 7% (v/v) of molasses. Other than above mentioned sources of molasses (sugar cane and beet), soy molasses are the most commonly used wastes from industrial sectors in the production of sophorolipid (SL) type BSs ([@B27]; [@B131]). Molasses produced during the production process of soybean oil have been reported as a good carbon sources for SLs type BS from *Candida bombicola* ([@B130]). About 21 g/L yield was obtained as compared with glucose and oleic acid (79 g/L) in fermentation process. Such studies may not show benefits in enhancing the yield of metabolite but may be useful ways to reduce the accumulation of waste disposals from oil industry.

Researchers have worked with various combinations of carbon and nitrogen sources in BS production technology. [@B46] used molasses along with cheese whey as substrate for BS production from *Bacillus* sp. At the temperature of 45°C, the strain shows maximum BS production using molasses at 5.0--7.0% (w/v). Similar reports on BSs produced from probiotic bacteria have also been described. [@B103] carried out studies with two microbial cultures namely, *Lactococcus lactis* 53 and *Streptococcus thermophilus* for BS production with conventional synthetic medium. They reported maximum BS production of 0.8 g/L for *S*. *thermophilus* and 0.7 g/L for *L. lactis* 53. Molasses have been found to enhance the yield of BS when compared to other conventional synthetic media. Thus, authors have suggested that there is not only an increase in the (about 1.2--1.5 times) mass of BS per gram of cell dry weight but also about 60--80% reduction in medium preparation costs. Therefore, molasses has been proved as an alternative economical medium for commercial BS production processes.

Cost variation in commercial production process has been calculated for molasses and soybean oil used as substrates ([@B46]). Although this work is reported long time back, it showed that the substrate alone would place the BS production cost at a competitive setting when compared to chemical surfactants such as alcohol ethoxylate and alkylphenoletoxylate types for use in enhanced oil recovery (EOR). The point here to be highlighted is when molasses are used as a substrate BS production becomes more expensive than the chemically synthesized surfactant. On the other hand, the sophorose lipids employed in cosmetics is valuable as compared to the use of the synthetic surfactant, for the same cosmetic application. Usually various agricultural wastes like barley bran, trimming vine shoots, corn cobs, and *Eucalyptus globulus* chips have been used for simultaneous lactic acid and BS production. *Lactobacillus pentosus* has been tried in BS fermentation process by using hemicellulosic hydrolyzates after nutrient supplementation. The highest value of reduction (21.3 units) was found when using hemicellulosic sugar hydrolyzates obtained from trimming vine shoots, that corresponds to 0.71 g of BS per gram of biomass and 25.6 g of lactic acid/L. Whereas, barley bran husk hydrolyzates produces 0.28 g of BS per g of biomass and 33.2 g of lactic acid/L ([@B66]).

ANIMAL FAT AND OIL INDUSTRIES AS SUBSTRATES
-------------------------------------------

Meat processing industries such as food and leather produces significant quantities of animal fat, tallow and lard. Demand for animal fats is considerably less than vegetable oils and much of it becomes a problem for utilization as well as for their disposal. In comparison with other renewable substrates, animal fat and oil has not been much explored (**Figure [1](#F1){ref-type="fig"}**). An alternative option for such products is using them as raw material or substrates for production of commercial imperative compounds. Animal fat has been reported to act as a stimulator for the production of SLs BS from *C. bombicola* yeast ([@B27]). One of the main outcome of their investigation indicated that this yeast grows poorly in presence of fat alone in the production medium. Mixture of glucose (10% w/v) and fat (10% v/v), however, enhances the growth of the yeast and the production of SLs (120 g/L). Recently, [@B113] reported maximum glycolipid BS production using animal fat combined with corn steep liquor as compared to other carbon sources using yeast *Candida lipolytica* UCP0988. They also reported the product to have uses in bioremediation, oil mobilization, and recovery.

![**Approximate percentage distribution for literature available on various renewable substrates used for biosurfactants production**.](fmicb-05-00697-g001){#F1}

Production of BSs by fermentation of fats, oils, and their co-products has also been reported ([@B129]). [@B72] carried out BS production by using soybean oil waste (manipueira), along with molasses, whey and cassava flour, as substrates. Their observation suggests that cassava flour wastewater as a promising source of nutrients for BS production. These cheaper substrates were compared with conventional medium for BS production. Among eleven isolates tested, eight cultures reduced the surface tension (SFT) to levels below 30 mN/m using manipueira as substrate. They reported improved growth on manipueira agar for several isolates suggesting a high growth capacity and concluded that manipueira represents a potential alternative culture medium for BS production.

Industrial wastes, corn steep liquor and ground-nut oil refinery residue were also reported as low cost nutrients for the production of glycolipid type BS from *Candida sphaerica* (UCP 0995). The strain successfully mobilizes and recovers about 95% of motor oil adsorbed on sand sample which has vast applications in bioremediation processes ([@B54]). Several contributions are reported on usage of refinery wastes for production of microbial products. *Trichosporon mycotoxinivorans* CLA2 is BE-producing yeast strain which was isolated from the dairy industry effluents on mineral minimal medium containing refinery waste. This refinery wastes consists of diatomaceous earth impregnated with esters of having high organic matter content. Like molasses, pre-treatment of refinery waste is therefore, necessary for subsequent disposal in to the environment. Very few types of BEs have been produced from these residues ([@B68]).

DAIRY AND DISTILLERY INDUSTRIES BY-PRODUCTS
-------------------------------------------

Dairy industries produce large quantities of whey that includes, curd whey, whey waste, cheese whey, lactic whey, all of which are easily available as raw substrate for microbial production of metabolites ([@B29], [@B30]; [@B57]; [@B31]; [@B105]). High amount (about 75%) of lactose is present in the lactic whey. Other components like protein and organic acids, vitamins provide good sources for microbial growth and BS production ([@B59]). Interesting studies have been reported regarding cloning the gene Lac ZY for lactose utilizing capability from *Escherichia coli* into *P*. *aeruginosa*. The cloned strain of *P*. *aeruginosa* grew well on whey and produces some RHL ([@B50]). [@B51] have suggested the multi-organism strategy to decrease the cost at the commercial scale.

Other than RHL, a glycolipid type BS, considerable work has been reported on SLs. SLs has been produced by a two-stage (**Figure [2](#F2){ref-type="fig"}**) process starting from deproteinized whey concentrate (DWC) by using *Cryptococcus curvatus* ATCC 20509 and *C. bombicola* ATCC 22214 ([@B84]). These researchers compared the products from one-stage processes, by using different lipid based substrates. Two-stage batch cultivation process suggested that various physicochemical and properties of the SLs are greatly influenced by different carbon sources and not by the cultivation conditions. The same research group ([@B23]) had worked on the strains mentioned above using whey concentrates alone and in combination with rapeseed oil for production of SLs using single step batch cultivation. They developed sterilization method for whey by a combination of cross flow and sterile filtration. *C. bombicola* ATCC 22214 produced high (280 g/L) yield of SLs. Surprisingly, [@B23] reported that *C. bombicola* ATCC 22214 does not consume whey lactose while it grows on oil or the lipidic substrates for SLs production. [@B22] had also worked on two-stage batch cultivation concept reporting high yields (422 g/L) of SLs production using substrates like whey concentrate and rapeseed oil. The group also had grown the oleaginous yeast *C. curvatus* ATCC 20509 on DWCs in the first stage where they noted that lactose was consumed completely and biomass as well as an intracellular triglyceride, so-called single-cell oil (SCO), were produced. Crude cell extract resulted from cell disruption and heat sterilization were used for growth as well as SLs production by the yeast *C. bombicola* in a second stage ([@B21]). The authors also showed that starting from DWC (50 g/L lactose), in the two stage fermentation process resulted in 12 g/L of extracellular SLs. In this two stage type of process, they reported that neither the growth of *C. bombicola* nor the productivity of SL from SCO is affected by the concentration of whey. In spite the amount of oil was the overall limiting factor of the process. Such kind of problems can be overcome by the addition of cheap oils during the production phase, to allow achieving high yields of SLs.

![**Pictorial representation for one stage and two stage fermentation process for biosurfactant production.** Several authors have used these approaches. We have constructed figure based on [@B21] experimental work.](fmicb-05-00697-g002){#F2}

Wastewaters generated by dairy industries contain large quantities of fats and oils which are to some extent difficult to degrade ([@B144]; [@B16]). Like molasses, refinery wastes, pretreatment or clarification process for wastewater is a costly process. [@B24] described a process to utilize such valuable bioproducts for SLs production using yeasts *C. bombicola* through supplementing with sugarcane molasses and soybean oil. They reported about 38.76 g/L of SL with the synthetic dairy wastewaters containing 50 g/L sugarcane and 50 g/L soybean oil. Thus, authors therefore suggested utilizing real dairy industry wastewater for both the production of SLs. In addition to the above reports, [@B6] reported on RHL production batch kinetic using distillery and whey waste in comparison to synthetic medium. Both the specific growth rates (μmax) and specific product formation rates (Vmax) were comparatively better in both waste media than in the synthetic media. Thus, their studies have proved that industrial wastes from distillery and whey are resourceful substrates for BS production. Similar observations were reported by [@B6] and [@B29] for RHL production from *P. aeruginosa* by utilizing distillery eﬄuent and whey wastes. [@B30] demonstrated 0.91 and 0.92 g/L of BS and use of *P*. *aeruginosa* strain in reduction of the pollution load up to 85--90%.

Although using dairy and distillery waste for various BS productions is possible, difficulties may arise when attempting to purify or collect such products. BSs recovery methods are diverse and include solvent extraction, precipitation, crystallization, centrifugation, and foam fractionation ([@B118]). However, [@B30] suggested that the various purification mentioned above cannot be effectively employed when using distillery wastewater as a nutrient medium for BS production. They produced BSs using *P*. *aeruginosa* strain BS2 and distillery wastewater and suggested that the substrate imparted color to the produced products which had a non-esthetic appearance and was difficult to recover from the fermentation medium. Therefore, they extended a new downstream technique involving adsorption-desorption processes using wood-based activated carbon (WAC). Therefore, WAC is one of the most efficient adsorbent among adsorbing materials like silica gel, activated alumina and zeolite. Polar solvent like acetone were also found to be efficient in recovering up to 89% BS from WAC. The authors recommended that WAC can be reused for BS recovery up to three cycles. The contribution by [@B30] has provided new approach for continuous recovery of BS from fermented distillery waste and concentrated foam. Such techniques can reduce the cost involved in the solvent based purification methodology at the same time as providing efficient yield.

The use of distillery and whey waste as substrates for production of BSs is a useful recycling and reuse process. [@B6] established maximum specific growth rates, specific product formation rates and proved to be superior to the synthetic medium. The provision of substrates from such wastes represents a huge contribution to future BS production industries. An exciting report has been published by [@B28] on distillery waste in combinations with curd whey waste, fruit processing waste and sugar industry eﬄuent for growth and production of BS from newer microbes. They observed a positive impact of such combinations for BS production from *Kocuria turfanesis* strain BS-J and *P. aeruginosa* strain BS-P. The authors have suggested that we can replace precious water with other wastes required for diluting distillery waste for BS production. Instead of fruit processing waste, fruit juices like pineapple juice are also becoming attractive alternative carbon sources. [@B39] carried out this studies and demonstrated 9.43 g/L yield from *P. fluorescens* MFS03 isolated from the crude oil enriched mangrove soil to improve the process economics.

OIL PROCESSING INDUSTRIES
-------------------------

Wastes from oil processing industries represent one of the alternative and easily available renewable substrates for production of microbial surface active molecules. Few examples are listed below. It is important to note that, the vegetable oil is one of the first substrates reported for high yield of SLs from *Torulopsis bombicola*. A SLs with the yield of 67 g/L has been reported by [@B19]. Not only, sophorose lipid type BS but also other types of glycolipids have been studied extensively by using wastes from oil industries. [@B100] and [@B64] disclosed that the usage of vegetable oil from the distillation process and is effective for RHL production from *Pseudomonas* strains. Various oils along with water soluble carbon sources are proved to be good substrates for microbial surfactant molecules. This is evident from the following example. Babacu oil (5% v/v) supplemented with glucose (1% w/v) as carbon source provides a good source for growth and BE production. This work carried out by [@B117] suggested that two strains of *C. lipolytica* (1055 and 1120) produce BEs at the end of the exponential growth phase and beginning of the stationary growth phase.

Olive oil, sunflower has been proved as potential carbon and energy sources for production of microbial surfactants. The oils that contain low chain length (\<C10) fatty acids undergoes modification for incorporation into surface active products. [@B42] investigated the use of olive, sunflower oils in submerged culture condition by 36 microbial strains. They reported that several *Pseudomonas* strains usually grows well on waste olive or sunflower oil (2%) reducing SFT (\<40 mN/m) of production medium while *Bacillus* strains do not use these substrates efficiently. Other strains like *Rhodococcus*, *Acinetobacter calcoaceticus,* and *Candida* neither use oils for growth nor for BS production. [@B1] also used a soybean oil refinery waste for production of RHLs using *P. aeruginosa* AT 10 strain and detected seven different homologs (R~2~C~10~C~10~ + R~1~C~10~C~10~ + R~2~C~10~C~12~ + R~1~C~10~C~12~ + R~1~C~12~:1C~10~ + R~1~C~12~:~2~ + R~1~C~8~:~2~) totaling ≈9.5 g/L. They also reported excellent antifungal properties against various filamentous fungi. A range of saccharic and lipidic feed stoke has been frequently used to produce SLs using *C. bombicola*. The fatty acid unsaturation, carbon chain length and source of low-cost industrial lipid feed-stocks influenced SLs production ([@B32]).

[@B93] used soybean oil, safflower oil and glycerol for production of RHLs using cultures of *P. aeruginosa*. Soybean oil supplements helps in increasing the biomass and RHL production to several fold that obtained just with safflower oil and glycerol. Increased amount of SL type BS has been produced by increasing the concentrations of safflower oil and glucose. Further yield can be enhanced with increased concentration of yeast extracts ([@B148]). Use of such low cost renewable substrates in BS fermentation technology could be applied for bioremediation of hydrocarbon-contaminated sites and oil recovery process.

Among the above mentioned substrates, glycerol represents an important renewable carbon source as it is one of the main by-product of the biodiesel, biofuel production processes worldwide. For example, 1 kg of glycerol is generated from 10 kg of bio-diesel when rapeseed oil is used ([@B63]). Decanoic acid and rapeseed oil were used by [@B140] to grow *Pseudomoas* sp. DSM 2874 and produce mixture of four types of glycolipids (rhamnolipid 1--4), [L]{.smallcaps}-(+)-rhamnose and (R, R)-3-(3-hydroxydecanoyloxy). Fed-batch process with rapeseed oil produced mixtures of mono and di RHLs at a very high yield of 45 g l^-1^. Another important work has been reported by [@B133] on glycolipid monoacylglycerols BS from *Candida ishiwadae*. This strain was isolated from plant material in Thailand on soybean cooking oil. Yeasts such as *C. bombicola* ATCC 22214 also efficiently used corn oil and honey for SLs production achieving higher yields when both grown on sugar and oil ([@B90]).

In addition, [@B2] achieved BS production from *P. fluorescens* Migula 1895-DSMZ using olive oil as a carbon source with ammonium nitrate as a nitrogen sources. The products is reportedly a type of glycolipid with various properties like foaming, emulsifying and antimicrobial activities in addition to being highly stable at 120°C for 15 min, NaCl (10% w/v) and a wide range of pH values. *Tsukamurella* sp. DSM 44370 also used vegetable oil for its growth in addition to glycolipid BS production. Mutant strains of *P. aeruginosa* EBN-8 produced BS on canola, soybean, and corn oil refineries ([@B97],[@B98]). Canola oil refinery waste supplemented with sodium nitrate was reported best for microbial growth and RHL production with a yield of 8.50 g/L. Co-utilization of canola oil and glucose has also been carried out successfully for production of BS from *C. lipolytica* ([@B115]). Oil wastes from cottonseed, soybean, palm oil, babassu, and corn oil refinery were studied as substituting low-cost substrates for RHL production by *P*. *aeruginosa* LBI strain. Marine microbial strains can also make use of oils (e.g., olive oil) other than aromatic hydrocarbons or crude oil for BS production. [@B48] reported potential BS producing strain, marine *Nocardiopsis* B4 isolated from the west coast of India. The BS is stable at higher temperature (100°C), wide range of pH and salt concentrations. Olive oil has been proved to enhanced BS production. In some cases use of only pure carbon sources may not give the high yield of BS. However, disaccharides like lactose if supplemented with olive oil, the prominent difference can be seen in the intra- and extracellular lipids synthesized by the microbes. This concept has been showed from the work by [@B146].

Palm oil mill eﬄuent is also a promising substrate for BS production. Palm oil has also been used for BS production using *P. aeruginosa* SP4 ([@B87]). A newly isolated BS-producing strain namely *Nevskia ramosa* NA3 has been reported for production of 1.0 g/L BS on palm oil mill eﬄuent ([@B18]). [@B111] also documented BS and BE producing microorganisms from palm oil contaminated industrial sites in palm oil refinery factory. Along with palm oil, they also included other sources like palm oil decanter cake and palm oil mill eﬄuent. Use of such kind of different oil for screening and BS production process has successfully resulted five new genera namely, *Buttiauxella*, *Comamonas*, *Halobacterium*, *Haloplanus,* and *Sinorhizobium* for the first time. Such studies are significant for the future development of economically efficient industrial-scale biotechnological processes. Studies by [@B132] indicated the SL production by *Pichia anomala* PY1, a thermo tolerant strain isolated from fermented food. They used 4% soybean oil as carbon source at pH 5.5 and 30°C for 7 days. Comparative studies on media supplemented with both glucose or soybean oil lead to good BS production.

Comparative studies carried out by [@B40] on glucose, petroleum based substrates, waste fried vegetable oil, and coconut oil cake for BS production from *Pseudomonas fluorescence* MFS03 isolated from mangrove forest soil. They proved that vegetable oil and coconut oil are reliable substrates for BS production. These oils contain high percentage of oleic acid.

Very recently, [@B114] isolated *P. aeruginosa* PB3A strain from oil contaminated soil and examined BS production on various substrates namely, castor oil, coconut oil, rapeseed oil corn oil, motor oil, sunflower oil, olive oil, olein, barley bran, cassava flour waste, rice bran peanut cake, potato waste, and wheat bran instead of routine carbon sources. Corn oil and cassava waste flour were found to be highly effective. Once again these studies have confirmed the potential role of agro-industrial wastes for BS production in place of synthetic media.

Sometimes the oils in the production medium needs to be supplied along with other ingredients like mineral salts, glucose. [@B13] carried out BS production from *Pseudomonas* by growing in the production medium with sterile diesel oil, mineral salts, and glucose. Other oil sources like jet fuel JP8 also act as rich carbon source. [@B70] worked on Jet fuel JP8 for BS production from *Cladosporium resinae* where SFT of the production medium was lowered significantly with the increase in emulsion and foaming properties. [@B137] reported *Azotobacter chroococcum* a BS producing strain isolated from marine environment able to grow on waste motor lubricant oil, crude oil, and peanut oil cake. Peanut oil cake was reported as best source for BS production with a yield of 4.6 g/L and an ability to emulsify various hydrocarbons effectively. Studies from [@B134] described the outlook for BS production by using relatively cheap and abundantly available resources such as peanut oil cake and waste motor lubricant oil. This fact is supported from the studies reported on production and characterization of glycolipopeptide BS from *Corynebacterium kutscheri*. Studies showed optimum growth (9.8 g/L) and BS production (6.4 mg/ml) in fermentation medium with peanut oil cake. This glycolipopeptide emulsifies crude oil, waste motor lubricant oil, kerosene, diesel, peanut oil, xylene, naphthalene, and anthracene which have applications in various hydrocarbons in bioremediation processes. This study has proved potential role of BS in bioremediation process. Peanut oil has been used by probiotic bacterial system (*Lactobacillus delbrueckii*) for production of BS ([@B135]).

In addition to these inexpensive sources, spent yeast from fermentation industries has also been utilized in the production of high value product from a commercial point of view ([@B4]). [@B141] used babassu oil and [D]{.smallcaps}-glucose as carbon sources for the BS production from yeast strain *C. lipolytica* IA1055. This BS is composed of carbohydrate, lipid, protein in production medium prepared in natural seawater (diluted up to 50% v/v) supplemented with urea, ammonium sulfate, and phosphate. Most literature suggests exploitation of natural processes and developing economically viable production of BSs through the use of oil industry wastes. [@B14] recently reviewed the production and applications of BSs from the oleo-chemical industrial wastes. Waste oils can be used for screening and selection of microbes for their waste oil utilizing capacity and BS production. [@B65] carried out such studies where, lube oil was used to study 44 different cultures isolated from hydrocarbon-contaminated soil samples. Their studies showed that about 10% of the strains isolated shows BS production. These strains include *Rhodococcus* sp. for trehalose glycolipids and *Bacillus* sp. for lipopeptide type BS synthesis.

Spent oils are usually abundantly available oils that are quite difficult to dispose of due to environmental concerns including persistence and resistance to biodegradation ([@B65]). They include waste vegetable oil, used motor oil, lubricating oils, jet fuels all of which can act as cheaper source for microbial processes such as BS production. Usage of such kind substrates is usually encouraged as a pollution control strategies. Food processing industries use huge quantity of frying oils, where the composition vary depending on the number of times it has been used, modification in its composition, and finally need for pretreatment.

Studies carried out by [@B69] on production of glycolipids by basidiomycete yeast *Pseudozyma antarctica*, on glycerol with the yield of 0.3 g/L of a BS. Another contribution on this aspect is shared by [@B5], where they used 40% of glycerol and 34% of hexadecane soluble compounds (92% of fatty acids and 6% of monoacylglycerol/triacylglycerol) and 26% of water for SLs synthesis by *C. bombicola*. About 60 g/L yields of SL was obtained from these studies. Several reports in literature support the use of glycerol as a carbon source for BS production ([@B41]; [@B112]; [@B95]). Not only *Candida* and/or *Pseudomonas* spp. utilize glycerol as carbon source. [@B35] reported a wild type *Yarrowia lipolytica* for BS production using residual glycerol or clarified cashew apple juice present abundantly in Brazil. High amount of olive oil mill wastewater is produced from the olive oil extraction procedures. Olive oil mill eﬄuent (OOME) appears as a concentrated black color liquor that contains water-soluble polyphenols which usually represents an environmental challenge for disposal. However, OOME also contains some sugars (20--80 g/L), nitrogen compounds (12--24 g/L), organic acids (5--15 g/L), and residual oil (0.3--5 g/L). [@B64] successfully used OOME for the production of RHL BS using the strain *Pseudomonas* sp. JAMM.

Oil cakes or soapstocks are semisolid or gummy product produced from processes oil seed where chemicals are used for extraction and refining the seed originated edible oils. The soapstock in spite of being a complex substrate has been successfully shown to produce highest yield of RHLs, along with different oily substrates, viz., sunflower oil, olive oil, soy bean oil. Yields up to 15.9 g/L were reported when using *P. aeruginosa* strain LBI grown in a salt medium containing soapstock ([@B12]). Soapstock has also been used efficiently for production of extracellular capsular polysaccharides ([@B12])^.^ There have been examples of competent surfactant synthesis on soapstock and oil refinery wastes by *Candida antarctica* or *Candida apicola* with much higher yields than in the medium without addition of oil refinery waste ([@B9]). This shows the suitability of oil refinery waste for microbial surfactant production. Hydrophobic carbon sources like petroleum fractions, animal fat or vegetable oil have been utilized by several bacteria or yeast supplemented in cultured media for microbial surfactants ([@B44]).

Two BEs namely, emulsan and biodispersan from *A*. *calcoaceticus* RAG-1 and *A*. *calcoaceticus* A2 were also produced by using soapstock as a carbon source ([@B122]). These two BEs show wide range of applications in stabilization of oil--water emulsion, the dispersion of large solid limestone granules and formation of micrometer-sized water suspension ([@B106]). Soybean soapstock waste proved to be the best substrate with the yield of 11.7 g/L of RHLs that reduced the SFT in the culture broth to 26.9 mN/m with a critical micelle concentration (CMC) of 51.5 mg/L. [@B73] reported production of mainly mono-RHL (RhaC~10~C~10~) when grown on hydrophobic substrates, while hydrophilic carbon sources lead to predominance of the di-RHL (RhaRhaC~10~C~10~) production. Pure soybean oil has been the predominant carbon source for many BSs production. [@B142] tested similar oleic acid-rich oils, rapeseed oil and reported it to be efficient for BS production using *Tsukamurella* species DSM 44370. About 30 g/L glycolipid was produced from 110 g/L sunflower oil. The BS obtained showed high surface and interfacial activity and had some antimicrobial activities against some bacteria and a fungal strain.

FOOD PROCESSING BY-PRODUCTS
---------------------------

Most of the edible oils, vegetable oils, saturated, unsaturated fats are used by food processing industries. Today the majority of food markets are dependent on these oils and fats. In addition to this, medicinal, pharmaceutical, cosmetic industries also use them. Once the oils are processed for food production, the residues become harmful pollutants to our environment. Wastes from soybean, potato, sweet potato, sweet sorghum contains high amount of starch that acts as base material in fermentation process. Waste products like canola meal, coconut cake, peanut cake, soybean cake, also represent suitable candidates for cheaper substrates ([@B65]). Processed olive oil, sunflower, ground nut oil, rape seed oil; potato peels are useful as raw material for microbial products. A peat, composed of decomposed vegetable matter contains high amount of carbohydrates with main sugars like glucose, galactose, xylose, and amino acids provides excellent source for the growth of microbes. Other by-products from vegetable oil refining processes are also becoming one of the most targeted substrates for microbial BS production process.

In addition to the above mentioned relatively cheap substrates a number of abundantly available starch base substrates provide another alternative renewable carbon sources. One of the representative examples is the potato processing industry that produces significant quantities of starch-rich waste substrates suitable for BS production. In addition to approximately 80% water contents, potato waste also has carbohydrates (17%), protein (2%), fat (0.1%), vitamins, inorganic minerals, and trace elements. Thus, potato wastes are a rich source of various components which can support the growth of microorganisms for production of various commercially important products. A commercially prepared potato starch in mineral salts medium was investigated by [@B36]. They reported BS production by *B. subtilis* ATCC 21332 and a significant reduction in SFT from 71.3 to 28.3 mN/m with a CMC value of 0.10 g/L using a methylene chloride extract of the BS. [@B138], put forward the use of potato effluents containing high-solids (HSs) and low-solids (LSs) substrates for production of surfactin for a *Bacillus* strain. They used 10 time diluted effluents with or without trace minerals amendments and used corn steep liquor successfully to produce surfactin with slightly lower yields LS substrate than from optimized potato starch medium.

[@B139] also showed that the LSs potato effluents can be used for surfactin production after heat treatment without the need for complete sterilization and after pretreatments to enhance yields. Such studies are significant for finding applications in low-value applications like environmental remediation or oil recovery. Like molasses, sometimes potato based substrates also need to undergo pretreatment procedures involving heating, removal of starch particulates and acid hydrolysis. Thermal and acid pretreatment would help in the removal of contaminant vegetative cells yet can have mixed results on slight improvement or reduction in yields ([@B139]). Other contributions were reported by [@B78], [@B77]) where potato process effluents were used for production of BS from *B*. *subtilis* sp. in continuous culture and air left fermentation conditions. [@B78] worked on improving the process for utilization of potato related substrate. However, they observed the yield of BS was restricted by the oxygen availability and competition for indigenous bacterial population. The same research group ([@B77]) carried out studies on surfactin production from *Bacillus* sp. by using purified potato starch and unamended LSs potato process eﬄuent. Their studies highlighted that the process is oxygen limited and that recalcitrant indigenous bacteria in the potato process eﬄuent hamper continuous surfactin production. They suggested the use of a chemostat operated in batch mode for surfactin production should be accomplished with the use of antifoam agents to prevent surfactant loss. They noted that antifoam does not interfere with recovery of surfactin and its efficacy and were able to achieve 0.6 g/L of surfactin from two different potato-processing facilities in comparison with Initial trials (0.9 g/L) from potato process eﬄuent. Thus, they established that cassava wastewater produced from the cassava flour preparation, a renewable inexpensive and easily available carbon source can be used for surfactin production by *B*. *subtilis* and other biotechnological processes. Different unconventional carbon sources such as potato peel powder, corn powder, sugarcane bagasse and *Madhuca indica* were also used by [@B45]. They reported increased viscosity in cultures yet achieved maximum SFT reduction when compared to other substrates. They reported an unidentified BS production at a yield of 15.40 ± 0.21 g/L on corn powder base production medium from *Klebsiella* sp. strain RJ-03 and concluded that the use of such cheap substrates have a significant potential for commercialization for applications in bioremediation processes.

KINETICS OF BIOSURFACTANT PRODUCTION
====================================

It is well-established that along with environmental parameters such as pH, temperature, aeration, agitation, CO~2~ level etc.; BS production is also dependent on the substrate composition and concentration in the media. These parameters interact with each other in a complex way to affect the kinetics of the BS production. C:N ratio plays an important role in the production process. Nitrogen limitation has been reported to enhance production ([@B3]). [@B88] reported that BS production was enhanced under nitrogen limiting conditions. Temperature, pH, aeration, and salt concentrations are of course important parameters that influence production at commercial levels ([@B71]).

[@B126] used *P. aeruginosa* UCP0992 to investigate the effect of both carbon and nitrogen (source and concentration) on BS production at different cultivation conditions such as aeration, temperature, and agitation speed. Growth and BS production in mineral medium formulated with 3% glycerol and 0.6% NaNO~3~, at 28°C during 120 h incubation at 200 rpm was monitored. They reported an almost parallel relationship between BS production, cell growth, consumption of glycerol, emulsification, SFT reduction, hexadecane, and other substrate utilization. They concluded that BS production is associated with growth starting shortly after inoculation with a two phase profile, the first up to 24 h and remaining constant until 48 h, while in the second phase, production increased at a slower rate up to 96 h with yields of 8.0 g/L. Biomass concentration was high (4.0 g/L) and glycerol consumption profile showed a similar pattern to SFT reduction, while, the hexadecane emulsification followed BS production. Such observations support the use of SFT and emulsification as indicative measures for the presence of BS molecules in the medium.

In studies carried out by [@B143] on *P. aeruginosa* J4, isolated from wastewater of a petrochemical factory located in southern Taiwan, reported RHL production from different carbon substrates. Two complex media Luria Bertaini (LB) medium usually used as for *P. aeruginosa* strains and condensed molasses fermentation soluble (CMS) and a simpler glucose mineral salts (GMSs) medium were used to grow and produce RHL. RHL production was 1.7, 0.77 and 0.20 g/L on GMS, LB, and CMS media, respectively. It was also observed that high nitrogen content in a fermentation medium limits the BS production.

[@B145] used an indigenous strain *P*. *aeruginosa* EM1 originating from an oil-contaminated site located in southern Taiwan to investigate RHLs improvement in GMS media by the response surface methodology. They changed carbon (glucose, sucrose, glycerol, olive oil, soybean oil, oleic acid, hexane) and inorganic nitrogen sources (NaNO~3~ and NH~4~Cl) and organic (yeast extract and urea). Maximum productivity of 136.4 and 71.8 mg/L/h was reported for glucose and glycerol, respectively. On the other hand, nitrate was the better inorganic nitrogen source (8.63 g/L) than ammonium ion (0.43 g/L) for RHL production. While organic sources were a very poor source of RHL production. The effect of C/N ratio on RHL production was thus investigated using two types of carbon sources (glucose or glycerol). The best RHL yield (6.8 g/L) occurred at a C/N ratio of 26 when glucose was used as the carbon source, whereas glycerol source yielded 7.5 g/L, at a C/N ratio of 52.

Literature surveys showed that, the Kinetics of biomass (BM), BS production, substrate utilization along with the fermentation duration required for growth of organisms are the most crucial parameters for commercial production processes. [@B99] carried out kinetics for BS production for *P. aeruginosa* EBN-8 with different hydrocarbons viz., *n*-hexadecane paraffin oil, kerosene oil. Both *n*-hexadecane and paraffin oil, RHL production was 4.1 and 6.3 g/L respectively. Changing the carbon source and other parameter definitely affects the growth of organisms as well as the BS production.

Like *n*-hexadecane, other hydrocarbon namely *n*-octadecane 2% (v/v) has been proved to be supportive for the kinetic studies of BS production from *P. aeruginosa* OCD. Less than 5 days incubating conditions, in liquid Bushnell-Haas media with *n*-octadecane as the substrate resulted 0.98 mg/mL RHL in the culture broth at the stationary growth phase ([@B110]). Supplementation of multivalent cations viz., ZnSO~4~ followed by MnSO~4~ in the culture broth again, enhances the yield of BS production. This has been confirmed by authors thought monitoring the emulsification index assay.

Studies carried out by [@B48] included the kinetics of BS production up to 12 days for marine *Nocardiopsis* B4 under batch cultures condition. BSs from this halotolerant strains has potential for bioremediation of oil contaminated sites (oil spills). Investigation including measurement of SFT, emulsification assay, cell separation provides ample of information to understand the production of BS commercially.

Report available on probiotic bacteria like *L. pentosus* CECT-4023 has demonstrated strong BS production on cheese whey as an alternative medium. Carbon source viz., glucose, biomass and BS have been modeled according to reported models available in the literature ([@B104]). Their studies included four lactobacilli species for BS production by growing on [@B25] MRS broth for *lactobacilli* strains as well as medium supplemented with whey. With MRS medium the yield of BS from *Lactobacillus casei* reached 1.6 g/L. For both *Lactobacillus rhamnosus* and *L. pentosus* BS yields were reported at 1.7 g/L and for *Lactobacillus coryniformis* subsp. *torquens* it was found to be 1.8 g/L. Further investigation of *L. pentosus* CECT-4023 showed BS production using whey as an alternative medium with low yield of 1.4 g/L. The growth of *L. pentosus* CECT-4023 is less on whey medium which may be probably due to the lack of some nutrients, although similar BS concentrations were obtained. The authors suggested that with a culture medium optimization it could be possible to achieve higher BS concentrations.

[@B85] suggested that higher concentrations of glycerol, sodium nitrate, and yeast extract lead to increased yield of BS from *Rhodococcus erythropolis* strain ATCC 4277. The authors also revealed that increasing the phosphate buffer within the range between 60 and 150 mmol/L increases the yield of BS (285 mg/L) due to maintained pH during the fermentation process. Well-established methodologies have been proposed for BS production from *C. lipolytica* through the usage of soybean oil refinery residue (6%) and 1% glutamic acid supplementation. [@B107] explored growth-associated production of crude BS with a yield of 8.0 g/L from *C. lipolytica* UCP 0988 after 72 h of incubation. [@B115] worked on canola oil and glucose as cheaper substrates and documented 8.0 g/L of yield of BS produced by *C. lipolytica*. Other strain of *C. sphaerica* produced yields of 4.5 g/L at up to 144 h culture conditions. *C. sphaerica* has been reported for BS production of about 9 g/L after 144 h ([@B53], [@B54]).

Factorial experimental design has been proved to be very supportive for studying the kinetics for production of microbial metabolites. [@B101] reported the production of BSs using cashew apple juice from *P. aeruginosa* MSIC02. They used 24 full factorial experimental design, using temperature, glucose concentration from cashew apple juice, phosphorous concentration and cultivation time as variables. Kinetics of growth and production of BSs by *P. aeruginosa* indicated reduction in SFT up to 47.7 to 28.0 dyn/cm and indicated production of surface active molecules.

In a recent molecular biology investigation ([@B91]) for the expression of the rhlB and rhlC rhamnosyltransferase genes responsible for RHLs production of *P*. *aeruginosa* strains showed no significant differences in the genes or the quantity or composition of RHLs congeners obtained by manipulating growth conditions. Fixed sequential expression patterns for rhlB and rhlC rhamnosyltransferase genes were observed during growth. They reported that it was not possible to induce significant up-regulation by varying producer strains or growth media. Their results indicated that the RHLs genes are highly conserved molecules and that their expression has a rather stringent control. The authors conclude that there is little opportunity to manipulate and greatly increase the yield of RHLs in *P. aeruginosa* strains. They also concluded that manipulating growth and medium composition conditions has little effect in the strains obtained from widely different environmental situations. In addition RHLs production was not greater on water-insoluble substrates than water-soluble ones, as often claimed in the past.

FERMENTATION TECHNOLOGY: ROLE IN COMMERCIALIZATION OF BIOSURFACTANT PRODUCTION
==============================================================================

When any industry is involved in the production of a particular compound, their main consideration is always achieving maximum profit from the minimum investment. BS industries are no exception to these policies and profitable applications are also of main concerns. The basic prerequisite of the BS/BE production industry is the type of substrate used in the production process. Since, some of the BS producing microbial communities are often isolated from oil, hydrocarbon-contaminated environments. Therefore, it is often assumed that water insoluble substrates are a necessity for the production of surface active agents. However, this fact may not always be true. Ample literature available suggests that water soluble carbon sources like glucose, fructose, sucrose etc., can be used in synthesizing the amphiphilic substances from a variety of microbial populations ([@B121], [@B118]).

From an industrial point of view, using water soluble substrates is more attractive compared with using immiscible substrates. Therefore, the use of water soluble substrates particularly inexpensive industrial waste such as whey, molasses, distilleries eﬄuent, waste oils would help to bring down the production cost in industries. Subsequently, such efforts make BS fermentation technology feasible. However, there are certain advantages and disadvantages of using low-priced substrates for BS production as shown in **Table [4](#T4){ref-type="table"}**. Several challenging problems and possible strategies to overcome these problems are represented in **Figure [3](#F3){ref-type="fig"}** to enhance the commercial yield of BS. It is also noted that though there are numerous reports and patents on BEs and BSs production, they are rarely used in commercial production process ([@B124]). One of the foremost reasons is the use of chemical based media for BS growth and production process. These exclusive chemicals enhance the production cost of these amphiphilic molecules. Very few attempts have been offered for the usage of renewable substrates. The second most important factor to consider is a cost effective separation/purification of amphiphilic substances. The purification procedures are significant in terms of time requirement and could account for up to 60% of the total production cost and may result in a low yield ([@B26]; [@B7]). Under such circumstance, the utilization of crude quality product or the direct fermentation broth with or without affecting the activity and potency of the actual product may be a solution. This fact has been well-supported from the studies carried out by [@B135] who concluded that for environmental applications the BSs need not be pure and could be synthesized from a mixed cheaper carbon sources. It is possible to create an economically and environmentally viable mitigation technology for the bioremediation process. Noteworthy achievements in the field of genetic engineering technologies have promoted some significant advances such as the alteration in the substrate requirement of producing organisms. One of the best examples was reported by [@B50] where insertion of *lac* plasmid from *E*. *coli* in *P. aeruginosa* was carried out for utilization of whey from dairy industry to produce BS.

###### 

Advantages and disadvantages of cheaper substrates in biosurfactant production.

  Advantages                                                 Disadvantages
  ---------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------
  Commercial production cost can be reduced                  Substrates contains undesired compounds
  Many cheaper/renewable substrates are available            Processing or treatment of the substrates is required to use them as carbon, nitrogen, or energy source
  Substrates are available in huge quantity                  Final product itself get color or carry impurities from the substrates (e.g., molasses)
  Enhanced the yield of biosurfactant/bioemulsifier          Special purification techniques needs to be employed to obtain the pure product, this increases the production of cost subsequently
  Basic functional properties of the product do not change   Continuous supply of raw material with same composition may vary
  Does not prove harmful to microorganisms                   Raw substrates are may be very specific for different organisms
  All components are eco-friendly and safe                   A large quantity of raw substrates is essential, which may be difficult to get the continuous supply for the industrial process
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The next consideration that may contribute to cost reduction is the duration of fermentations for some BS production. RHLs fermentations in most literature continue for up to 100 h while most of the production may have occurred in the initial 48 h. Prolonging the production time for a little more yield achievement may not be a cost effective undertaking particularly as most gene expression for RHLs production take place in the initial 24 h of fermentation ([@B91]). Routine use of cheap renewable substrates (agro-industrial wastes) and competent methods for recovery and purification of BSs can assist optimized conditions for high yields fermentation process on commercial scale. Another important aspect that should be highlighted here is biological remediation technologies used in the process on a larger extent. We can felicitate this process through developing innovative techniques such as foams or micro-foams (colloidal gas aphrons-CGA) in conjunction with BSs ([@B86]). Some of the important criteria that need to be considered for production of surface active agents in industries are as follows:

1.  The type of substrate/raw materials

2.  Continuous supply of ingredients of same composition

3.  Potential microorganisms

4.  Purification process used for the recovery of surface active compounds

5.  Monetary inputs

6.  Marketing

7.  Application potential

The new exciting development in this current area of research and priorities to the interdisciplinary research approaches in combination with the technologies of large-scale fermentation and genetic engineering, BSs will be commercially successful compounds of the future ([@B109]).

Our future work in the area of BS should be on the economics of BS production processes, particularly using the alternative low-cost fermentative media and reasonable cheaper product recovery process.

CONCLUSION
==========

Nature provides great immense possibilities for isolation of novel BEs or BSs producing microbial communities and products that can be utilized in the various application fields such as petroleum industry, detergents, pharmaceutical companies, agriculture, and personal health care products. The use of economically cheaper substrates is paving the way for cost effective BS production process in industries. Large scale production of these surface active compounds is promising; however, product with pure quality needs further streamlined approaches. Enormous data has been generated on application oriented properties like SFT, IFT, EA, wetting, foaming, detergency, and flocculation leading to wider applications in various industrial sectors. Use in bioremediation technology has received better treatment as hydrocarbon-polluted sites can be treated effectively with crude BSs products or the producing organisms. Although number of developments have taken place, it is important to note that BS production should be followed by minimum monetary input using cheap low cost waste materials while maintaining quality and quantity wherever possible. In future, our research on BS must be targeted on the economics of the fermentation processes of BS and BE, predominantly carried out through the practice of alternative low-cost effective production media and recovery processes.

FUTURE PROSPECTS
================

Several food industries make use of various fats and oils that lead to the production of huge amount of high mass wastes, marine oils, soapstock, and free fatty acids from the extraction of seed oils. Searching for novel BS and BEs suitable for food industries has been steadily increasing and is expected to be a future prospect as more of these type molecules are included in food products. This is mainly driven by industries seeking to reduce dependency on plant emulsifiers produced by genetically modified crops. Other interesting areas include the use of BS producing microorganisms in composting. The most future potential application, however, are likely going to be related to oil industries application including bioremediation, cleaning, and microbial EOR both in oil sludge tank cleaning and oil well-recovery.
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